This paper presents some of the recent findings based on the application of gradient elasticity theory to calculate the coefficient of geostatic stress K, i.e. the ratio of the average horizontal geostatic stress σ Η to vertical geostatic stress σ ν . Two models of gradient elasticity theory (model A and model B) have been used taking into account higher order gradients of stress and strain components, respectively. The analytical solutions of the correspondent boundary value problems are presented and a comparison between gradient elasticity, classical elasticity, Hoek's and Brown's empirical formulae and Sheorey's analytical model is depicted graphically. The advantage of gradient elasticity is that it derives a simple analytical formula for the coefficient Κ as a function of depth ζ below the earth surface, the Poisson ratio ν and the gradient coefficient c.
INTRODUCTION
In the design of underground excavations the ratio of the rock mass strength to the in-situ stress state is very essential in order to assess the risk of overstressing the rock mass. Because of the need to know the insitu stress state for geotechnical engineering purposes, measurements have been made over the last three decades and empirical relations have been proposed to explain the variation of the in-situ stresses. In classical elasticity, for a gravitationally loaded rock mass in which no lateral strain is permitted during formation of the overlying strata, the ratio Κ (coefficient of geostatic stress) of the average horizontal stress to the vertical
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Coefficient of Geostatic Stress: Gradient F.lasticitv vs Classical Elasticity one is independent of depth, while it depends only on the Poisson ratio. However, this is proved to be unrealistic and is rarely used today. In the present work, the use of gradient elasticity theory in the determination of the ratio K, is presented, in order to overcome the difficulties in the interpretation of geostatic stresses variation.
Triantafyllidis and Aifantis (1986) revisited the theory of non-linear elasticity by allowing the second deformation gradient to enter into the strain energy function /l, 2/. The linearized version of the resulting stress-strain relation amounts to adding the Laplacian of the classical stress expression into the standard form of Hooke's law (gradient elasticity). This model has been applied to eliminate the strain singularity at dislocation lines and crack tips. Furthermore, a modified gradient elasticity model was applied, among the others, in the borehole problem /3-5/. The gradient approach enriches the standard equations of solid mechanics with an internal length scale. In fact, the only material length implicitly involved in the governing equations of classical continuum mechanics is the interatomic distance which is not possible to utilize for explaining the overabundance of deformation patterns observed at various scales, ranging from nanometers (dislocations) and micrometers (slip bands), to millimeters (shear bands) and kilometers (faults, avalanches).
On the other hand gradient elasticity introduce an internal length (gradient coefficient \[c ) which gives an extra information for the deformation patterns of the aforementioned scales. In this paper two models of gradient elasticity are used for the estimation of the coefficient of geostatic stress and the results are discussed. It is remarkable to notice that due to the large scale of the present problem the value of gradient coefficient estimated to be of the order of kilometers. The comparison between gradient elasticity and the three other (theoretical and empirical) models is also depicted.
The common assumption made in geotechnical engineering is that the principal stresses below the earth's surface are in the vertical and horizontal directions and that the vertical geostatic stress σ ζ (= σ ν ) at a point is equal to the weight of a vertical column of rock above that point, (Hoek and Brown, 1980) where γ is the rock unit weight and ζ is the depth below the surface. The linear behavior of σ ν versus ζ has been confirmed from in-situ measurements, where the unit weight γ is approximately equal to 0.027 MN/m 3 , and the average stress gradient is 0.027 MPa/m /6-8/. If it is assumed that rocks behave elastically, and that the earth's crust offers just sufficient restraint to prevent horizontal deformation and the horizontal stresses are equal in the whole horizontal plane σ χ = a y (= σ Η ), then the horizontal stress merely occurs as a result of Poisson's restraint. By using the classical elasticity theory, the horizontal stress σ Η should be written in terms of the vertical stress σ ν (Terzaghi and Richart, 1952),
CLASSICAL ELASTICITY AND FORMER PROPOSED MODELS
ν σ Η =7 σ ν = κ ο σ ν •(2)
-ν
The constant Κ 0 = ν /(I -ν) is known as the classical coefficient of geostatic stress. However, Brown and Hoek /6/, collected geostatic stress data from various sources where they observed a relation between the coefficient Κ and the depth ζ ( Fig. 1) . Especially, at shallow depths, very high horizontal stresses occur, particularly in rocks affected by thrust faulting, whereas for depths ζ >1000m, the ratio of geostatic stresses Κ = σ Η / σ ν tends to that given by the classical elasticity (Eq. 2). The high horizontal stresses can be interpreted as residual stresses remaining after the erosion of thick overburden. This is not surprising, for some relaxation of high deviatoric stresses would be expected in most rocks over a period of geological time.
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At greater depths the ratio Κ is reduced to the classical value K 0 . Due to the discrepancy between in situ stress measurements and classical elasticity predictions, Hoek and Brown suggested two empirical formulae as envelopes for all the collated worldwide in-situ stress data 16,11, where Κ = σ Η av / σ ν (σ^ αν = Average horizontal stress). The compilation of all the collated data and the two proposed empirical formulae are depicted in Fig. 1 . The shaded vertical column gives the range of Kratios from 0.33 to 1 that was predicted from classical elasticity. For depth ζ = 3000 m, K EMP ] = 0.333 = K 0 | μ=0 25 , and K emp 2 = 1 = Kq., i.e. the classical elasticity provides reasonable results for the A"-value. It is clearly manifested, from the experimental data, that for relatively shallow depths, the horizontal stress component is larger than the vertical stress component. At depths 0-500m, in 92% of the studied cases, σ Η is larger than σ ν , and also at typical mining depths (0-1000m), σ Η > σ ν 191. The highest ratios σ Η / σ ν would be expected to occur very close to, or at the surface, because there σ ν = 0.
The horizontal stress component σ^ does not follow the trends predicted by classical elasticity theory, except asymptotically at depths approximately greater than 1000m [9, 10] . It is worth noting the difficulty with estimating horizontal stress magnitudes. In general, the collected data indicate how difficult it is to predict in situ stress distributions accurately by theoretical models or empirical methods /9,10/. 
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More recently, Sheorey (1994) proposed an elasto-plastic thermal stress model in order to predict the horizontal geostatic stresses (Fig. 2) . This model considers curvature of equation, which can be used for estimating the ratio Κ that is given as a function of depth ζ and the average deformation modulus of the upper part of the earth's crust measured in a horizontal direction E h /ll, 12/, 0.001 + -j.
(4) K SH =0.25 + 7 E h
GRADIENT ELASTICITY MODELS: ANALYSIS AND RESULTS

Gradient model A
Consider an isotropic and homogeneous rock mass with elastic behavior. It is assumed that the earth's crust offers just sufficient restraint to prevent horizontal deformation. The first model (model A) of gradient elasticity theory used to calculate the coefficient of geostatic stress reads 151,
where (σ,·,, ε ι} ) are the stress and infinitesimal strain tensors, (ν, Ε) are the Poisson ratio and modulus of elasticity, δy denotes the unit tensor, V 2 denotes the Laplacian and c is the gradient coefficient. 
where K0 is the classical coefficient of geostatic stress, KMAX is the maximum value of Κ occurring in a small depth under the surface (higher than Kq predicted by classical elasticity, KMAX >1), ζ is the depth near the surface where KMAX holds. From the boundary conditions (12), the integration constants are determined as C,=0, C2=(KMAX-K0)rC-e^^.
The gradient coefficient of geostatic stress Κ (Λ is then written as follows
KCA =K0 +(KMAX (14) z
The results obtained from gradient elasticity by using model A ( Kq\ ), are illustrated in Fig. 3 In Fig. 6 , the variation of the coefficient of geostatic stress Κ versus depth z in gradient elasticity is illustrated for six different groups of values of υ, £and Vc and for constant Κ ΜΛΧ = 8 , (Table 1) .
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Gradient model Β
The second model (B) of gradient elasticity theory used in the present paper reads /4,5/,
where (Λ, μ ) are the Lame constants. For ε χ = e y = 0 , and σ χ (=σ Η ) = a y (= σ Λ ), the horizontal and 
It is observed from the analysis that the gradient model Β leads to almost similar results as the model A.
The comparison between the expressions of K G , (Eq. 14) and K G2 (Eq. 22) shows that the term y}lcK 0 in model A, is replaced by the term -JcKq in model B.
